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Abstract

Electrochemical and mechanical experiments were conducted to analyze the environmentally influenced cracking behavior of a bulk
amorphous metal, Zr41.2Ti13.8Cu12.5Ni10Be22.5. This study was motivated by a scientific interest in mechanisms of fatigue–crack propa-
gation in an amorphous metal, and by a practical interest in the use of this amorphous metal in applications that take advantage of its
unique properties, including high specific strength, large elastic strains, and low damping. The objective of the work was to determine the
rate and mechanisms of subcritical crack growth in this metallic glass in an aggressive environment. Specifically, fatigue–crack propa-
gation behavior was investigated at a range of stress intensities in air and aqueous salt solutions by examining the effects of loading cycle,
stress-intensity range, solution concentration, anion identity, solution deaeration, and bulk electrochemical potential. Results indicate
that crack growth in aqueous solution in this alloy is driven by a stress-assisted anodic reaction at the crack tip. Rate-determining steps
for such behavior are reasoned to be an electrochemical, stress-dependent reaction at near-threshold levels, and mass transport at higher
(steady-state) growth rates.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, several families of multi-component
metallic alloys have been developed that exhibit excep-
tional glass-forming ability. These alloys show a very high
resistance to crystallization in the undercooled liquid state,
such that relatively slow cooling rates (typically less than
10 K/s) can be employed to achieve fully amorphous struc-
tures. Since these amorphous structures can now be pro-
cessed in large sections, bulk metallic glasses have been
formed. These glasses have attracted interest based on
claims of near-theoretical strength-to-stiffness ratios, large
elastic deflections, low damping characteristics, good wear
properties, and a potential for easy forming and shaping.
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One notable monolithic alloy that has been studied is
Vitreloy 1,2 with a composition (in at.%) of Zr41.2Ti13.8-
Cu12.5Ni10Be22.5, which has been developed commercially
and is used, in its fully amorphous state, in the manufac-
ture of golf clubs. Although the mechanical performance
of this alloy has been well documented and it is known
to show satisfactory fracture toughness and fatigue–crack
growth resistance [1–5], its corresponding properties in
the presence of a corrosive environment have been far less
impressive [6]. Indeed, amorphous Zr41.2Ti13.8Cu12.5-

Ni10Be22.5 has been shown to be highly susceptible to
stress-corrosion cracking and stress-corrosion fatigue in
the presence of aqueous sodium chloride solution [6].

It is the purpose of the current study to examine in detail
the stress-corrosion fatigue of the amorphous alloy
Zr41.2Ti13.8Cu12.5Ni10Be22.5 in aqueous environments, by
rights reserved.

2 Vitreloy 1 is a trademark of Amorphous Technologies International,
Corp.
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considering the separate effects of loading cycle, stress-
intensity range, solution concentration, anion identity,
solution deaeration, and bulk electrochemical potential
on the crack-growth behavior.

2. Background

A number of amorphous metals exhibit excellent corro-
sion resistance [7–10], which has been ascribed to their
structural and chemical homogeneity. Indeed, the corro-
sion resistance in amorphous metals has been attributed
to the presence of a highly stable passive film, concentrated
in certain alloying elements known to provide good corro-
sion resistance in crystalline metals.

Most studies on stress-corrosion cracking (SCC) of
amorphous metals in aqueous solutions have focused on
thin ribbon material, where constant displacement experi-
ments have been used to evaluate environmentally assisted
fracture. For example, iron-based amorphous metals with
good resistance to pitting corrosion in the absence of load
were found to exhibit SCC in acidic chloride-containing
environments [11–15]. Specifically, these alloys, particu-
larly when they contained high concentrations of chro-
mium, exhibited stress-corrosion behavior comparable to
that of unsensitized stainless steels [11]. Fracture surfaces
resulting from these tests displayed a brittle appearance
[11] and, in some cases, significant crack branching [12].
While these experiments provide some information about
SCC in amorphous metals, crack initiation was not con-
trolled and crack velocities and stress intensities at the
crack tip during crack growth were not measured. As a
result, the effect of solution on crack initiation could not
be separated from its effect on crack propagation.

For the bulk amorphous alloy Zr41.2Ti13.8Cu12.5-
Ni10Be22.5, controlled stress corrosion and stress-corrosion
fatigue–crack growth behavior have both been measured in
0.5 M NaCl solution [6]. Based on this study, it has been
found that aqueous sodium chloride solution causes very
significant SCC and stress-corrosion fatigue effects in this
alloy, most especially by dramatically increasing crack-
growth rates by approximately two orders of magnitude
compared to corresponding growth rates in air or
deionized water. It is the objective of the current paper to
provide further information on the nature of this environ-
mentally assisted cracking phenomenon in the Zr-based
bulk amorphous alloy.

3. Experimental

Experiments were performed on as-cast 7 mm thick
plates of the fully amorphous alloy Zr41.2Ti13.8Cu12.5-
Table 1
Mechanical and physical properties of Zr41.2Ti13.8Cu12.5Ni10Be22.5 bulk metall

Density
(g/cm3)

Young’s modulus
(GPa)

Shear modulus
(GPa)

Poisson’s ratio Yield
(GPa

5.9 95 35 0.35 1.9
Ni10Be22.5 in at.% (Zr62.6Ti10Cu13.2Ni9.8Be3.4 in wt.%).
The castings were processed by Hitchener Manufacturing
Co. (Milford, NH) and provided by Amorphous Technol-
ogies International, Corp. (Laguna Niguel, CA). Typical
mechanical and physical properties are given in Table 1.

Compact-tension (C(T)) specimens of the amorphous
alloy were fabricated by electrodischarge machining to a
thickness of 4.4 mm and a width of 20 mm. To ensure that
the compressive residual stresses present in the surface lay-
ers of the casting [1] did not affect behavior, at least 1.5 mm
of material was removed from all surfaces.

Fatigue testing was conducted at room temperature
(�22 �C) in several environments:

� laboratory air (relative humidity �25–35%);
� aerated deionized water;
� aerated 0.5 M NaClO4 (99+%, EM Science) solution in

deionized water;
� aerated 0.5 M Na2SO4 (99+%, J.T. Baker) solution in

deionized water;
� aerated 0.005 M NaCl, 0.05 M NaCl, and 0.5 M NaCl

(98+%, Aldrich) solution in deionized water;
� 0.5 M NaCl (98+%, Aldrich) solution in deionized

water, deaerated with nitrogen gas (BayAirgas);
� aerated 0.5 M Na2SO4 (99%+, J.T. Baker) + 0.005 M

NaCl (98+%, Aldrich) solution in deionized water.

For each test environment, fatigue experiments were
repeated two to six times on separate specimens in fresh
solution.

All fatigue–crack growth experiments, unless specifically
noted, were performed with the sample loaded at a con-
stant load ratio (ratio of minimum to maximum loads) of
R = 0.1, and a frequency of m = 25 Hz (sine wave) on an
MTS model 831 servohydraulic test frame. Testing proce-
dures were in general accordance with ASTM standard
E647. Tests were performed under both increasing and
decreasing stress-intensity range, DK, using a stress-
intensity gradient of ±0.1 mm�1 of crack growth; in addi-
tion, several tests were performed at a constant cyclic load
(DP), i.e., under increasing DK conditions. During cycling,
crack lengths were continuously monitored using the
unloading elastic compliance, obtained from a back-face
strain gauge. Specimens tested in both air and aqueous
solution were first precracked in air. For consistency, the
precracking procedure was performed in air under identical
conditions and was comprised of four loading segments.
Each segment consisted of 0.5 mm of crack extension and
was carried out under decreasing DK conditions beginning
at 5.5, then 4.5, 3.5, and finally 2.5 MPa

p
m, such that the

final precrack was 2 mm from the notch with a final DK of
ic glass

strength
)

Vickers hardness
(GPa)

Fracture toughness
(MPa

p
m)

Glass transition
(K)

5.4 �20 �625
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Fig. 1. Fatigue–crack growth rates (under sinusoidal loading) in amor-
phous Zr41.2Ti13.8Cu12.5Ni10Be22.5 plotted as a function of the stress-
intensity range, DK, for three environments: aerated 0.5 M NaCl solution,
deionized water, and laboratory air (relative humidity 30–35%).
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2.25 MPa
p

m. In cases where fatigue measurements were
subsequently performed in an aqueous environment, solu-
tion was added while cycling the sample at DK of
1 MPa

p
m. Representative data for each environment are

presented as fatigue–crack growth rates per cycle, da/dN,
as a function of the applied stress-intensity range
(DK = Kmax � Kmin). The fatigue threshold, DKTH, was
determined during a decreasing DK test by allowing the
stress-intensity range to decrease until crack-growth rates
were near 10�10 m/cycle; the value of DKTH was then oper-
ationally defined as the highest DK at which da/dN < 10�10

m/cycle.
Most fatigue tests in aqueous solutions were conducted

under open-circuit conditions; however, additional testing
was performed under potential control in an aerated
0.5 M NaCl solution. During these experiments, the poten-
tial was controlled by an EG&G Model 363 potentiostat/
galvanostat. Electrical connection was made to the C(T)
specimens with an aluminum alloy wire, attached with sil-
ver epoxy and subsequently covered with electronically and
ionically non-conductive Microstop (Tolber, Hope, AR).
After adding about 3 liter of solution to the cell containing
the unloaded specimen, the potential of the C(T) specimen
was maintained at �2500 mV with a saturated calomel ref-
erence electrode (SCE) and a platinum counter electrode
for 5 min. After the initial polarization, crack propagation
was initiated under open-circuit conditions from the fatigue
precrack, under sinusoidal loading at DK = 1.5 MPa

p
m

(R = 0.1) with m = 25 Hz. After the crack had grown by
�300 lm under open-circuit conditions, potential control
at �600 mV was established and crack-growth rates mea-
sured. The potential was subsequently stepped down to
�800 mV, and back up to +100 or +900 mV in 100 mV
increments. At each potential, the growth rate was mea-
sured during 300–500 lm of crack growth. On two sam-
ples, the potential was held at +900 mV for up to 1 mm
of growth, at which point the potential was stepped directly
to �900 mV, while time and crack growth were monitored.

Following some of the fatigue–crack growth and stress-
corrosion crack growth testing, fracture surfaces were eval-
uated with scanning electron microscopy (SEM) and
atomic force microscopy (AFM) using an Autoprobe M5
instrument with PSI Proscan Version 1.5 software in
tapping mode.

4. Results

The variation in fatigue–crack propagation rates in the
bulk amorphous Zr41.2Ti13.8Cu12.5Ni10Be22 alloy as a func-
tion of the stress-intensity range is shown in Fig. 1 for envi-
ronments of laboratory air, aerated deionized water, and
aerated 0.5 M NaCl solution (open circuit). As reported
previously [6], growth rates and the fatigue threshold
(DKTH) are essentially identical in laboratory air and deion-
ized water environments. However, growth rates in 0.5 M
aerated NaCl solution are 2–3 orders of magnitude faster,
rising to a pronounced plateau at �5 · 10�7 m/cycle at DK
levels between 1 and 6 MPa
p

m (Fig. 1). Furthermore,
compared to behavior in air and deionized water, the
threshold DKTH value in NaCl solution is reduced by
�30% to �0.8 MPa

p
m.

Fractographically, the near-threshold fatigue fracture
surfaces in 0.5 M NaCl appeared smooth and optically
reflective over large areas (larger than 1 mm2 in some
instances), as shown in the SEM image in Fig. 2(a). Further
AFM imaging in Fig. 2(b) shows that these smooth areas
have roughnesses below 100 nm, and are separated by steps,
0.1–50 lm in height. With crack extension and decreasing
stress-intensity range, these steps either merge together to
form larger ones or decrease in height until they disappear.

Further insight into this dramatic environmentally
assisted cracking phenomenon in this alloy was sought by
systematically varying the loading cycle, stress-intensity
range, solution concentration, anion identity, solution
deaeration, and bulk electrochemical potential. The results
are described below.

Stress-intensity range. For all aqueous NaCl solutions,
the stress-intensity range was varied and crack-growth
rates measured. In all cases, there was a distinct DKTH

threshold below 1 MPa
p

m, a region I regime where
growth rates increased dramatically by 2–4 orders of mag-
nitude, followed by a region II (plateau) regime where
growth rates were essentially constant and did not depend
significantly on the DK level (Fig. 3).

Loading cycle. Fatigue–crack growth rates in aerated
0.5 M NaCl solution were measured at four sinusoidal fre-
quencies (2.5, 10, 25, and 50 Hz) and four load ratios
(R = 0.1, 0.3, 0.5, and 0.7) at a constant DK of 1.2 MPa

p
m

(in region II) to compare to the SCC behavior; results are
shown in Figs. 4(a) and (b), respectively. It is apparent that
crack-growth rates per cycle are significantly reduced with
increasing frequency, yet are only slightly increased with
increasing load ratio.



Fig. 2. (a) SEM image of amorphous Zr41.2Ti13.8Cu12.5Ni10Be22.5 fracture surface created by corrosion fatigue–crack growth in an aqueous 0.5 M NaCl
solution at near-threshold levels, and (b) matching AFM images. The white arrows indicate the crack-growth directions.
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Fig. 3. Fatigue–crack growth rates (under sinusoidal loading) in
amorphous Zr41.2Ti13.8Cu12.5Ni10Be22.5 plotted as a function of the
stress-intensity range, DK, for three environments: aerated 0.5, 0.05, and
0.005 M NaCl solutions.
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Sodium chloride concentration. Fatigue–crack growth
rates in the region II (plateau) regime in aerated aqueous
solutions were found to be a function of the concentration
of sodium chloride (Fig. 3). Specifically, steady-state
growth rates were decreased from �5 · 10�7 to
�1.5 · 10�8 m/cycle with a decrease in the sodium chloride
concentration from 0.5 to 0.005 M NaCl, establishing a
dependence of fatigue–crack growth rates on chloride con-
centration. However, the value of fatigue threshold varied
insignificantly over three orders of magnitude in sodium
chloride concentration. Specifically, DKTH was constant
at �0.84 MPa

p
m when the sodium chloride concentration

was 0.5, 0.05, or 0.005 M (Fig. 3).
Anion identity. Fatigue–crack growth rates in region II

were approximately an order of magnitude lower in the
presence of ClO�4 anions (in 0.5 M sodium perchlorate
solution) and SO2�

4 anions (in 0.5 M sodium sulfate
solution), compared to corresponding growth rates in the
presence of Cl� anions (in 0.5 M NaCl) (Fig. 5). In addition,
DKTH thresholds were found to be 1.0 and 1.2 MPa

p
m,

respectively, in sodium sulfate and sodium perchlorate solu-
tions, i.e., 25–50% higher than the fatigue threshold of
0.8 MPa

p
m measured in sodium chloride solutions.

Solution aeration and deaeration. The behavior in a
0.5 M NaCl solution open to air was compared to that in
a 0.5 M NaCl solution deaerated by bubbling with nitrogen
gas. The presence of oxygen (i.e., exposed to air at 1 atm) in
the aqueous solution had an insignificant effect on region II
fatigue–crack growth rates and the value of the fatigue
threshold (Fig. 6).
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Fig. 4. Fatigue–crack growth rates (under sinusoidal loading) in amorphous Zr41.2Ti13.8Cu12.5Ni10Be22.5 in an aerated 0.5 M NaCl solution at constant
DK = 1.2 MPa

p
m, at variable (a) frequency and (b) R-ratio, recorded during 0.5–1 mm of crack growth at each condition during two separate tests.
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Fig. 5. Fatigue–crack growth rates (under sinusoidal loading) in amor-
phous Zr41.2Ti13.8Cu12.5Ni10Be22.5 plotted as a function of the stress-
intensity range, DK, for three environments: aerated 0.5 M NaCl, 0.5 M
NaClO4, and 0.5 M Na2SO4 solutions.
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Fig. 6. Fatigue–crack growth rates (under sinusoidal loading) in amor-
phous Zr41.2Ti13.8Cu12.5Ni10Be22.5 plotted as a function of the stress-
intensity range, DK, for two environments: aerated and deaerated 0.5 M
NaCl solutions.

3 Although the bulk polarization potential is controlled and recorded in
Figs. 7 and 8, the crack-tip potential lies between the corrosion potential
and the applied bulk potential, and scales in value with the bulk potential
[16]. In this study, the C(T) specimens were externally polarized, rather
than directly polarized at the crack tip. Since the crack tip is occluded and
it is likely that concentration gradients exist, importance will not be
attached to the absolute value of potential. However, the direction of
polarization, either anodic or cathodic, from the corrosion potential is
considered significant.
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Potential control. To attempt to isolate the salient mecha-
nisms of stress-corrosion fatigue–crack propagation in
sodium chloride solution, the amorphous metal was polar-
ized to potentials between �900 mV (SCE) and +900 mV
(SCE) during cyclic fatigue tests in 0.5 M NaCl. In Fig. 7,
the resulting crack-growth rates at a constant DK in air of
1.5 MPa

p
m (region II) are plotted as a function of potential,

where it can be seen that growth rates decrease rapidly from a
high of �10�6 to 10�7 m/cycle as the specimen is polarized
cathodically below�750 mV (SCE). Although the potential
was stepped during the continuous growth of a fatigue crack,
fatigue–crack growth rates stabilized after less than 100 lm
of crack extension after each 100 mV step. Furthermore,
no crack growth was observed in 24 h at �900 mV.

The potential also markedly affects the fatigue thresh-
old. In Fig. 8, the threshold stress intensity DKTH for amor-
phous Zr41.2Ti13.8Cu12.5Ni10Be22.5 in 0.5 M NaCl is shown
to decrease in two steps, as the bulk polarization potential
becomes more anodic.3 Specifically, between �1000 and
�850 mV, DKTH in 0.5 M NaCl is about 1.5 MPa

p
m,

which is approximately the threshold value in air and
deionized water. At �800 mV, however, DKTH drops
sharply to about 0.9 MPa

p
m, which is approximately the
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threshold at open circuit in 0.5 M NaCl. Between �800 and
�200 mV, DKTH appears to decrease slightly to about
0.76 MPa

p
m. Finally, between �200 and 0 mV, the DKTH

threshold drops sharply again to an extremely low value of
�0.3 MPa

p
m. It should be noted that even under open-

circuit conditions, these threshold values in aqueous NaCl
Table 2
The dependence of fatigue–crack growth rates on stress-intensity range, chlorid
in the near-threshold and higher growth-rate regimes

DK regime Stress-intensity range Chloride concent

Near-threshold (region I) Dependent Independent
Above threshold (region II) Independent Dependent
solution are extremely low (by more than one order of
magnitude) compared to the fracture toughness of the
alloy, which (depending upon strain rate) varies between
12 and 70 MPa

p
m [1].

5. Discussion

Studies on stress corrosion and corrosion fatigue behav-
ior of amorphous Zr41.2Ti13.8Cu12.5Ni10Be22.5 have demon-
strated a major effect of aqueous sodium chloride solutions
in accelerating fatigue–crack propagation rates and reduc-
ing fatigue threshold values in the fully amorphous alloy
[6]. In this paper, a more detailed investigation of this effect
has shown that such environmentally assisted fatigue–
crack growth rates depend strongly on the cyclic frequency
(Fig. 4(a)), the chloride concentration (Fig. 3), the anion
character (Fig. 5), and the extent of cathodic polarization
(Fig. 7), and also depend weakly on the (positive) load
ratio (Fig. 4(b)). However, these growth rates do not
depend on the stress-intensity range (Fig. 3) or on the solu-
tion aeration (Fig. 6) in the steady-state (plateau) regime
above the threshold. Near the fatigue threshold, growth
rates drop precipitously with stress-intensity range
(Fig. 3) and potential (Fig. 8), but do not depend on chlo-
ride concentration (Fig. 3). These dependencies are summa-
rized in Table 2.

To explain this behavior, a mechanism of stress-assisted,
anodic dissolution for environmentally assisted fatigue–
crack propagation in the amorphous Zr–Ti–Cu–Ni–Be
alloy is proposed. Further, rate-determining steps for such
behavior are reasoned to be an electrochemical, stress-
dependent reaction at near-threshold levels, and mass
transport at higher (steady-state) growth rates.

5.1. Stress-corrosion cracking and fatigue

The environmentally assisted contribution to fatigue–
crack growth rates in the amorphous Zr–Ti–Cu–Ni–Be
alloy in aqueous NaCl solution can be attributed to a
SCC process, which is observed under constant (non-
cyclic) loads in the same solution [17]. Indeed, experimen-
tally measured crack velocities, acquired during
constant-load SCC tests in 0.5 M NaCl (open circuit),
can be used directly to predict the fatigue–crack growth
rates in this solution using superposition [18] or process-
competition [19,20] models. Specifically, fatigue–crack
growth rates in 0.5 M NaCl, (da/dN)eff, are calculated by
integrating the stress-corrosion crack velocities, [da/
dt(K(t))]SCC, over the time, t, of one fatigue cycle [18,21]
where m is the cyclic loading frequency [17]:
e concentration, anodic potential, anion character, and cathodic potential

ration Anodic potential Anion identity Cathodic potential

Dependent Dependent Dependent
Independent Dependent Dependent
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da
dN

� �
eff

¼
Z 1=m

0

da
dt
ðKðtÞÞ

� �
SCC

dt ð1Þ

These predictions are consistent with the experimentally
measured fatigue–crack propagation rates, implying that
crack growth in amorphous Zr41.2Ti13.8Cu12.5Ni10Be22.5

under cyclic fatigue loading in NaCl solution results princi-
pally from a (non-cyclic) SCC mechanism. Indeed, the
same smooth, optically reflective fracture surfaces (Fig. 2)
are seen during both SCC and fatigue–crack growth.

Using Eq. (1), fatigue–crack growth rates in 0.5 M NaCl
at a constant DK of 1.2 MPa

p
m may be predicted as a

function of frequency and load ratio, as shown in Figs.
4(a) and (b), respectively. In fact, the predicted trends from
the superposition and process-competition models (Eq. (1))
show a decrease in growth rates with increasing frequency
and decreasing load ratio, in reasonable consistency with
experimental results. However, the model predictions are
less accurate at low frequencies and high load ratios where
predicted growth rates are higher than those measured
experimentally.

The mechanistic relationship between SCC and corro-
sion fatigue is also consistent with the experimental result
that the aerated and deaerated 0.5 M NaCl solutions yield
the same stress-corrosion fatigue behavior (Fig. 6). In an
aerated solution, an oxygen gradient may exist between
the bulk solution and the crack tip that could result in a
potential difference that could drive SCC. However, this
oxygen gradient would likely be disturbed with cycling,
such that SCC behavior would overestimate stress-
corrosion fatigue behavior if solution aeration were signif-
icant to the SCC mechanism.

5.2. Anodic mechanism

At open circuit, immersion in sodium chloride solution
leads to very high region II fatigue–crack growth rates
(Fig. 1). However, cathodic polarization reduces or elimi-
nates crack growth (Fig. 7). This potential dependence
strongly suggests an anodic mechanism of crack growth,
which is effectively stopped at potentials more cathodic
than �900 mV (SCE).

For the Zr–Ti–Cu–Ni–Be alloy, the fastest crack-growth
rates are observed in the presence of the most aggressive
anions, the chloride ions. Growth rates were an order of
magnitude or more faster in 0.5 M NaCl than in 0.5 M
Na2SO4 or 0.5 M NaClO4 solutions (Fig. 5). The Cl� ion
is the most aggressive, consistent with its high mobility,
high charge density, small radius, and lack of hydration
[22].4 The higher crack-growth rate in the chloride solution
4 Charge density and size of the anion are particularly relevant to the
value of the threshold DKTH. These attributes may affect the proximity of
the inner Helmholtz plane (IHP) of unhydrated ions adjacent to the metal
surface. A change in the distance to the IHP can result in a change in the
potential gradient (experienced by oxidizing metal atoms) at the interface
between the metal and solution.
can be related to the higher mobility of Cl� in a mass trans-
port-limited system (see Section 5.3), the rate of reaction at
the crack tip, or the strength of adsorption at the crack tip.
This anion dependence is also consistent with an anodic
mechanism.

There are several anodic processes that could be respon-
sible for SCC, including film rupture/slip step dissolution,
de-alloyed layer crack initiation, and active dissolution
(reviewed in Ref. [23]). With reference to the amorphous
Zr–Ti–Cu–Ni–Be alloy, active dissolution is clearly the
most likely mechanism because the stress-corrosion fati-
gue–crack growth rates can be directly predicted from the
SCC rates. The film rupture/slip step dissolution mecha-
nism is less feasible as it would be strongly affected by
cycling, which creates more plastic deformation than static
SCC. Similarly, the de-alloyed layer/crack initiation mech-
anism is also unlikely to be active here as the proportion of
elements that would go into the aqueous solution at open
circuit (Cu and Ni) is too low to form a voided layer to per-
colate the solution; moreover, no evidence of such a layer,
which should be a micrometer or so wide, was detected by
SEM examination of the surface [24].5 For active dissolu-
tion, an oxide does not protect the metal at the crack tip,
often because an aggressive local environment is estab-
lished there. To prevent blunting of the crack tip by this
dissolution, crack growth must be fairly fast, as it is for
the amorphous Zr–Ti–Cu–Ni–Be alloy.

A cathodic (hydrogen-based) mechanism of crack
growth is also not supported by the experimental results,
specifically that cathodic polarization effectively prevented
corrosion fatigue in this alloy. Indeed, cathodic polariza-
tion was used to stop crack growth for 24 h, which upon
subsequent anodic polarization grew immediately. In an
earlier study, hydrogen charging of Zr–Ti–Cu–Ni–Be was
found to increase the slope of the da/dN vs. DK curve
and increase the fatigue threshold [26]. Such a slope change
was not observed in the current experiments. Furthermore,
in aqueous solution, the fatigue threshold was decreased
relative to the threshold in air.

Consistency of near-threshold behavior with mechanism.

The fatigue threshold depends on the polarization of the
specimen, which is consistent with an anodic dissolution
mechanism. In fact, the potential dependence suggests acti-
vation of particular dissolution reactions. In Fig. 8, the
DKTH threshold stress intensity is shown to decrease in
two steps, as the polarization potential becomes more ano-
dic. These steps occur at cathodic potentials of �850 and
�200 mV (SCE).

For a specific oxidation reaction, an increase in anodic
polarization decreases the energy for an anodic charge
transfer oxidation reaction by increasing the energy of
5 The rate of SCC is roughly two orders of magnitude faster than the
rate of de-alloying [25]. For this mechanism to activate, �20–60 at.% of
the metallic atoms must preferentially oxidize, so that the porous layer
may percolate with solution [23,25]. In the Zr–Ti–Cu–Ni–Be alloy, Zr, Ti,
and Be may preferentially oxidize, but consist of 77% of the metal.
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atoms in the metal, i.e., increasing the thermodynamic driv-
ing force for ionizing a metal atom. In this case, however,
the dependence on potential occurs in two steps (see
Fig. 8). The step-like nature of the dependence of threshold
on potential does not suggest a Tafel or even linear depen-
dence of a single reaction on potential; it suggests that
either a particular anodic reaction is activated or a critical
reaction rate is attained above the step potential of �850
and �200 mV.

The steps at �850 and �200 mV may correspond to
activation of Ni and Cu electrochemical dissolution reac-
tions. In pure form, the Pourbaix diagram predicts that
pure Ni is stable below about �640 mV (SCE) and pure
Cu is stable below about �100 mV for the bulk solution
pH [27]. The difference between the predicted and mea-
sured potentials for these reactions may be related to the
fact that these metals are alloyed, or the fact that a poten-
tial drop occurs between the bulk solution and the crack
tip. Hence, polarization affects the active dissolution reac-
tions, which in turn affect the stress-intensity range at
which stress-corrosion fatigue occurs.

5.3. Rate-determining steps (RDSs)

The dependence of fatigue–crack growth rates on vari-
ous mechanical, chemical, and electrochemical factors is
summarized in Table 2. This set of dependencies may be
used to assess the RDSs for crack growth.

RDS above the threshold. At stress-intensity ranges above
the fatigue threshold (region II), crack-growth rates are lar-
gely independent of both the mechanical driving force
(Fig. 3) and electrochemical driving force at anodic poten-
tials (Fig. 7), yet dependent on chloride concentration. A
RDS of mass transport is consistent with these dependen-
cies. A dependence on chloride concentration suggests a
mass transport limitation or a reaction-rate dependence
on chloride ions, i.e., to a stress-assisted, anodic dissolution
mechanism. Since the growth rates do not depend on poten-
tial, mass transport is the likely RDS. A higher bulk concen-
tration can lead to a greater concentration gradient and an
increase in ionic flux to and from the crack tip.

The independence of growth rates on potential over a
range of anodic potentials (Fig. 7) suggests that the electro-
chemical reaction itself is not the RDS. If an anodic reac-
tion is rate limiting, then crack-growth rates would be
expected to increase as anodic polarization increases, based
on the Butler–Volmer relation [28,29] between current den-
sity and overpotential. If the RDS were an electrochemical
reaction, then the crack-growth rates, by relation to the
current density, would have a linear or exponential rela-
tionship with potential. This Tafel or linear dependence is
not reflected in the growth-rate data above the corrosion
potential between 0 and 1000 mV (Fig. 7). This lack of
dependence on anodic polarization may be attributed to
a RDS that does not involve charge transfer.

RDS at near-threshold levels. Although the crack-growth
mechanism at near-threshold stress intensities is likely to be
the same as at higher growth rates in region II, the RDS
may differ. This change in RDS is reflected in the markedly
different dependency of crack-growth rates on stress-
intensity range, electrochemical potential, and chloride
concentration in these two regimes (see Table 2). Specifi-
cally near the threshold, crack-growth rates depend on
anodic potential, stress-intensity range, and anion identity,
but not on chloride concentration.

Strain, potential, and anion type change the energy bar-
rier for electrochemical reactions at the crack tip. These
three parameters can change whether a reaction is favor-
able or not. Chloride concentration may have a similar
impact through the Nernst equation that relates potential
to concentration [30]. However, the potential change will
be small between 0.005 and 0.5 M of chloride ions. For a
first-order reaction, the potential difference would be about
110 mV, which may not be significant in light of the step
dependence of the threshold on potential shown in Fig. 8.
The threshold is relatively stable over a 600 mV range.
The magnitude of the impact on the energy barrier may
be larger in response to changes in stress intensity, poten-
tial, and anion identity than to changes in chloride
concentration.

Mass transport has been proposed above as a possible
RDS for stress-corrosion fatigue–crack growth rates at
stress intensities above the threshold regime. However, this
RDS would not be likely near the fatigue threshold because
slow crack growth rates allow time for diffusion to and from
the crack tip. It appears that a stress-assisted electrochemi-
cal reaction is rate determining near the fatigue and SCC
thresholds because a change in either potential or stress
intensity can rapidly decrease the rate of crack growth.

5.4. Rapid corrosion crack growth in an amorphous metal

It is often assumed that amorphous metals have far bet-
ter corrosion resistance than crystalline materials because
of their structural and chemical homogeneity. However,
amorphous metals do not always exhibit superior
corrosion resistance in experiments. In fact, prior potentio-
dynamic polarization studies (in 0.5 M NaCl and 0.5 M
NaClO4 solutions) on the current alloy in the crystalline
and amorphous states indicated that the amorphous struc-
ture was only marginally more resistant to pitting corro-
sion in an NaCl solution and no more resistant to
general corrosion in an NaClO4 solution [31]. Experiments
suggest that the presence of the amorphous phase does not
necessarily guarantee superior corrosion resistance. In
addition to the amorphous structure, excellent corrosion
resistance has been attributed to the presence of a highly
stable, rapidly repairing, passive film, concentrated in cer-
tain alloying elements known to provide good corrosion
resistance in crystalline metals [32,33].

In earlier studies, amorphous metals have exhibited
SCC [11]; however, the acceleration in growth rates due
to the presence of an active environment was nowhere near
as significant as seen in the current Zr-based alloy. It is
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thus interesting to consider why environmentally assisted
crack-growth rates are so fast in this amorphous alloy
[6]. Two factors may explain this. First, the fracture
mechanics tests used in the current study to evaluate
SCC are far more discerning than the loading of smooth
amorphous ribbons used in earlier studies [11–15,34]. In
these earlier works, crack initiation and crack growth were
coupled in the same test, such that the results yield little
information on the respective crack-growth rates. Second,
the oxide layer for the Zr–Ti–Cu–Ni–Be metal is quite dis-
tinct from that of the amorphous metals where previous
corrosion studies have been reported. Specifically, much
of the earlier work was performed on Fe-based amorphous
alloys. Good SCC resistance was observed in alloys that
showed good resistance to pitting corrosion in the absence
of load [11–14]. This resistance to pitting corrosion sug-
gests a passivating film that can heal rapidly. In some
cases, the Fe-based amorphous alloys were alloyed with
Cr, known for its corrosion resistance [11]. Moreover, in
another study, SCC resistance of amorphous Fe40Ni38-
Mo4B18 in HCl was attributed to its good passivity, while
a group of Fe-based (Fe–B–Si) amorphous metals exhib-
ited SCC in 25–100% HCl solutions [34]. In the Zr–Ti–
Cu–Ni–Be alloy, conversely, the air-formed oxide layer
appears to be a mix of metallic oxides, predominantly
ZrO2 [24]; as these oxides would not provide as much cor-
rosion protection as a Cr-based film, the resulting contri-
bution to crack growth from SCC is likely to be much
more significant.

We conclude that from the general perspective of devel-
oping superior resistance to localized corrosion and SCC, it
is the composition of the alloy that is more important than
whether the structure is crystalline or amorphous.

6. Summary and conclusions

Based on an experimental study of stress-corrosion fati-
gue–crack growth in aqueous salt solutions in a fully amor-
phous Zr41.2Ti13.8Cu12.5Ni10Be22.5 alloy, the results can be
summarized as follows:

1. Fatigue–crack growth rates were found to be as much as
three orders of magnitude higher in aqueous 0.5 M
NaCl solution under open-circuit conditions, compared
to corresponding behavior in laboratory air or deionized
water.

2. Fatigue–crack growth behavior (da/dN vs. DK) in the
aqueous solutions was seen to display an abrupt thresh-
old, whereupon the growth rates increased by 3–5 orders
of magnitude to reach a plateau (region II) regime where
crack growth is essentially independent of the stress-
intensity range. Compared to a value of the fatigue
threshold in air of almost 3 MPa

p
m, the value of DKTH

in the aqueous solution was markedly reduced to
�0.9 MPa

p
m. This fatigue threshold in aqueous solu-

tion is more than an order of magnitude lower than
the fracture toughness of the alloy.
3. Similar behavior was seen under constant (non-cyclic)
loading conditions, where crack growth by stress corro-
sion was seen to occur above a KTH threshold of
�0.9 MPa

p
m and to markedly increase 3–5 orders of

magnitude to reach a (constant velocity) plateau region
at growth rates of �4 · 10�5 m/s.

4. The constant fatigue–crack growth rates in region II
were directly proportional to the concentration of NaCl
in solution, based on open-circuit testing in 0.5, 0.05,
and 0.005 M solutions; the DKTH threshold values, how-
ever, remained relatively unaffected. Growth rates were
about an order of magnitude slower in 0.5 M NaClO4

and 0.5 M Na2SO4 solutions under open-circuit
conditions, compared to the behavior in 0.5 M NaCl.
Fatigue–crack growth rates in 0.5 M NaCl were unaf-
fected by solution aeration, compared to deaeration
with nitrogen gas.

5. Under potential control conditions, growth rates in this
solution decreased to zero at cathodic potentials of
about �900 mV, but did not change significantly
between �200 and +900 mV (SCE).

Based on these observations, it is concluded that the
marked environmentally assisted contribution to fatigue–
crack growth in aqueous sodium chloride solution can be
attributed to a stress-corrosion crack-growth mechanism.
This mechanism appears to involve stress-assisted, anodic
dissolution at the crack tip. The RDSs for this mechanism
appear to be associated with a charge transfer reaction at
near-threshold stress intensities, and the mass transport
of metallic ions from the corroding crack tip at higher
stress intensities. The poor environmental cracking resis-
tance of this amorphous metal may be related primarily
to its composition, as this does not yield a strongly
protective oxide at the crack tip, and to the relatively ther-
modynamically unstable nature of its amorphous structure.
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